In recent years, artificial structures with characteristic dimensions much smaller than a wavelength, the so-called metamaterials, have been demonstrated experimentally. Some of these materials have interesting properties, such as negative electric permittivity and/or magnetic permeability. Although metamaterials are often based on metallic structures, they can also be created with nonmetallic structures. Photonic crystals (PhCs) may be considered as being a specific type of metamaterial with (ideally) a purely dielectric combination of at least two separate characteristic materials and periodic structuring. (Metamaterial PhCs will have effective negative electric permittivities.) In solid state physics, the solution of the Dirac equation for two distinct regions of positive and negative masses is a bound state at the interface between the two regions. In an analogy with solid state physics, we study the propagation of electromagnetic waves emerging from a band-edge resonator (with positive refractive index) into a region of negative refractive index; we show that an evanescent wave can be created in the negative index region, the properties of which are strongly dependent on the filling factor of the PhC medium.
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INTRODUCTION
Photonic crystals (PhCs) are periodic structures that can control the flow of light. In general, a PhC structure has different modes that are separated by a bandgap region, and, in an analogy with semiconductors, these modes are located either in the conduction or valence regions of the crystal. A full bandgap in all directions can be obtained by using three-dimensional (3D) PhCs, but their fabrication is prone to defects and may be complex. On the other hand, one-dimensional and two-dimensional PhCs have been demonstrated by using well-established micro/nano photonics fabrication technology, with the vertical confinement of light being provided by quasitotal internal reflection in a vertical slab structure.
Since PhCs can confine and manipulate light in small volumes, they have been used in a multitude of applications, such as filters [1] [2] [3] , waveguides [4, 5] , modulators [6, 7] , and lasers [8] [9] [10] [11] [12] [13] . An important application of PhCs is the construction of laser devices, and a number of different PhC configurations have been used to make lasers, such as defect mode [8, 9] , surface emitting [12] , and band-edge lasers [10, 11] . Among these different configurations, broad area lasers such as band-edge lasers can provide a higher output power, better heat dissipation, and narrower beam divergence when compared with other types of PhC lasers [14] . This mode of operation provides a suitable platform for exciting a negative permittivity structure along a well-defined direction. In addition, a PhC band-edge resonator can operate at the edge of the valence band, where the group velocity is low but "positive."
Outside the bandgap region of a PhC, propagation of light is possible, either in the conduction or in the valence bands. In addition, some of these modes can have negative electric permittivity [15] [16] [17] [18] , and, in combination with positive electric permittivity materials, they can even create zero electric permittivity structures. These PhCs have interesting properties, such as negative refraction, as a result of the coupling between the incident light and different diffraction orders [15] .
In solid state physics, surface states are electronic states that occur at the surface of materials [19] . There are many different types of surface states, such as Shockley, Tamm, and topological surface states. Although the mathematical description is different, both Shockley and Tamm states describe the creation of a surface wave as the result of the termination of the periodic structure at the surface of a material [20, 21] . In contrast with Tamm states, topological states are surface states that are topologically protected against a wide class of perturbations [22] . These states can create materials (topological insulators) that behave as insulators in their interior, but have surface conducting states [23] . Topological insulators are promising materials for pulsed lasers (as saturable absorbers), quantum optics, and electronics.
The concepts derived from the study of topological insulators have inspired the creation of topological photonics [24] that exploit new states of light that may lead to new classes of devices, such as isolators. In fact, photonic analogues to topological insulators have been created in PhCs [25] [26] [27] , photonic quasi-crystals [28] , and metamaterials [29] . In addition, a circuit analog to topological insulators has been recently demonstrated [30] .
A starting point for the study of topological insulators is the use of Dirac equations [31] . In particular, it is shown that a bound state exists at the boundary between two regions of positive and negative effective masses [31] . A similar situation can be created by combining a region having a positive refractive index and a region with negative refractive index. However, we slightly modify the configuration by having a band-edge resonator operating at the edge of the valence band (with low but positive-slope group velocity) driving a negative refraction PhC. We show that an evanescent wave is created in the negative electric permittivity medium, the properties of which strongly depend on the characteristics of the medium.
DESCRIPTION OF THE DEVICE
The basic structure is shown in Fig. 1(a) . It consists of a main square lattice band-edge resonator with lattice constant (a 1 ) of 215 nm and air holes with a radius of 85 nm (blue color region in the inset). The square lattice is surrounded laterally by a triangular lattice of air holes with lattice constant (a 2 ) of 250 nm, and the radius of the air holes is 70 nm; the two lateral PhCs (located at −2 μm < z < −4 μm and 2 μm < x < 4 μm) operate in the bandgap region, meaning that light cannot propagate along the x direction, but light can still leave the main band-edge cavity through the z directions. Without these cladding regions (red color regions in the inset), light would escape along all ΓX directions, i.e., x and z directions.
In the regions where z > 2 μm or z < −2 μm, other PhCs with a triangular lattice and negative effective permittivity are added to the band-edge resonator; their lattice constant (a 3 ) is 360 nm, but the radius of their air holes will vary (orange regions in the inset). In the triangular lattices, the x direction corresponds to the ΓK direction, meaning that light leaving the band-edge resonator (along the z directions) would propagate along the ΓM directions. Light is confined in the vertical direction by quasi-total internal reflection. The epitaxially layered structure shown in Fig. 1 (b) maintains light confined in the 140 nm thick GaAs core region. The oxidized Al 0.98 Ga 0.02 As region should be thicker than 1 μm, and is placed on top of a GaAs substrate.
At the band-edge of the square lattice of air holes, light would be emitted along the x and zΓX directions, but in the current configuration, light is prevented from escaping along the x directions by the lateral PhCs, so they will leave the square lattice cavity through the z directions (as indicated by an arrow in the inset in Fig. 1 ). The band diagram for the square lattice of air holes is shown in Fig. 2 , and the desired operation point of the band-edge resonator is at its ΓX point, which corresponds to a wavelength close to 980 nm (indicated by an arrow). In this region, the group velocity is low, but positive, in the order of 10 6 m∕s. Operation at a wavelength of 980 nm is desirable because typical In x Ga 1−x As quantum wells emit light around this wavelength.
On the other hand, in front of and behind the square lattice band-edge resonator, two PhC regions with effective negative electric permittivity are added to the structure. These PhCs operate in the conduction band with an equivalent "negative" slope velocity. (The excited mode in the conduction band is indicated by an arrow in Fig. 3.) Figures 4(a) and 4(b) show the equi-frequency contours at the resonance frequency of the band-edge resonator (at the free-space wavelength of 980 nm) for r 3 75 nm and r 3 110 nm, respectively. In Fig. 4(a) , the equi-frequency contour is approximately a circumference, leading to an approximately isotropic negative refractive index of −2.0, calculated by using the procedure described in [17] . However, the equi-frequency contour shown in Fig. 4(b) is very irregular, meaning that the structure is highly anisotropic, i.e., the effective refractive index depends on the direction of the incident beam. In Fig. 4 , the normalized wave vectors along Because of the difference in the slope of the velocities in the valence band (band-edge resonator) and in the conduction band (negative electric permittivity medium), the wave that propagates in the negative electric permittivity medium can be an evanescent wave of which the properties will depend on the parameters of the PhC operating in the conduction band. In simple terms, light leaving the main band-edge resonator with a positive group velocity suddenly enters a medium with negative slope group velocity; the wave then bounces backward and forward, and will eventually be lost in the vertical direction. It is true that the amount of scattering will be highly dependent on the size of the air holes in the negative electric permittivity region. Small holes will weakly scatter the incoming wave, while larger holes will lead to a rapid loss of the incoming wave in the vertical direction.
ANALYSIS OF THE DEVICE AND SIMULATION RESULTS
The device is analyzed by using commercial three-dimensional finite difference time-domain method (3D FDTD), RSOFT Fullwave [32] . The grid sizes are uniform along the x, y, and z directions, i.e., Δx ; Δy , and Δz 20 nm, with a time step Δt 3.3 × 10 −16 s to guarantee stability of the 3D FDTD code. The computation region is terminated by perfectly matching layers (PMLs). A source with a spot size diameter of 0.1 μm is placed at the center of the band-edge resonator to simulate the emission of light by quantum wells or any other gain medium [10] . Electric field and power monitors are placed throughout the computation region. Power monitors have the height of the GaAs core medium, but their widths cover the whole computation area, i.e., they have widths of 8 μm along the x direction. The main mode is assumed to be a TE mode, with main field components H y (main magnetic field along the vertical direction) and E x (main component of the electric field along the x direction). For these modes, the epi-layered structure is single-mode in the vertical direction.
Initially, the power spectrum of the stand-alone band-edge laser, without any negative permittivity material, is shown in Fig. 5 . The main peak appears at the free-space wavelength (λ) of 979.8 nm with a quality factor of 2400 and corresponds to the resonance at the ΓX point in the square lattice of air holes. There is another resonance at λ 969 nm with a quality factor of 800 which corresponds to the resonance at the ΓM point. (At the ΓM point, light would be emitted along angles of 45°, 135°, 225°, and 315°with respect to the x-axis, i.e., along the diagonals of the band-edge resonator.) There is a smaller peak at 956 nm with a quality factor of 600, which looks like a Fabry-Perot type of resonance with a pattern that is not well defined. At wavelengths longer than 979.8 nm, the square lattice of air holes is operating in its valence band, and light can propagate in the band-edge resonator. Then, many lateral peaks, such as the one shown at λ 1058 nm, with a quality factor of 100, appear.
The addition of the negative permittivity medium does not significantly change the power spectrum when the filling factor is lower than 15%, while an increase in the filling factor leads to the appearance of multiple resonance peaks at longer wavelengths because of the strong reflection of light back to the band-edge resonator. Figure 6 shows the electric field distribution (E x ) at the main resonance of the square lattice band-edge resonator at the free-space wavelength of 980 nm (ΓX point). Light is prevented from escaping in the lateral (x directions) by the lateral PhCs operating in the bandgap region; therefore, light escapes along the x and −x directions. As previously mentioned, light that escapes through the z directions will travel through the ΓM direction of the negative permittivity regions.
The negative electric permittivity triangular lattices have a lattice constant of 360 nm. In this paper, the radius of the air holes is varied from 60 nm (corresponding to a filling factor close to 10%) to 110 nm (corresponding to a filling factor close to 35%). In fact, data were collected for different filling factors: 10%, 15%, 20%, 25%, 30%, and 35%. The power is normalized with respect to the power leaving the band-edge resonator. A relative distance (z rel ) is defined as
where z is the distance from the center of the band-edge resonator, as shown in Fig. 6 , and z band-edge is the distance at the edge of the band-edge resonator (∼2.2 μm as shown in Fig. 6 ). Although a small filling factor leads to a more isotropic response, as shown in Fig. 4(a) , it will not have a major impact on the propagation of electromagnetic waves leaving the bandedge resonator, as can be observed in Fig. 7 . Although the power of the electromagnetic wave decays with z rel , the decay rate is relatively low. The propagating wave in the negative electric permittivity medium is similar to an evanescent wave that decays exponentially with the distance; nevertheless, the power loss is not an ohmic loss, but rather the result of multiple scattering in this region leading to loss of power in the vertical directions. Since the oxide region has a higher refractive index (∼1.65) than air and provides weaker confinement of light in the vertical direction, most of the power escapes through the oxide region (∼60% against 40% in air). The power in Fig. 7 is normalized with respect to the power at z rel 0. There are oscillations in the plot because of the multiple scattering of waves in the PhC region. In addition, there is always some reflection at the interface between the end of the negative permittivity PhC region and the small solid region before the simulation area is terminated by PML. The total extension of the computation area in the z direction is about 15 μm. In  Fig. 7 , the dotted line shows the normalized power when the negative permittivity PhC regions are removed. The power remains almost constant with the propagation distance, although it diffracts with z rel ., i.e., the beam spot size expands with distance.
The exponential decay is better observed when the filling factor is increased to 30% (solid curve) and 35% (solid curve with square markers), as shown in Fig. 8 . At a filling factor of 30%, the normalized power decays exponentially with z rel , and the oscillations are also visible. However, the oscillations are significantly weaker when the filling factor is increased to 35%, apparently because of the stronger dampening of the wave leaving the band-edge resonator, meaning that there is little interaction of the waves in the negative electric permittivity region, and the wave rapidly escapes through the vertical directions. In addition, larger scatterers (larger air holes) lead to stronger radiation losses. It appears that an increase in the filling factor would be beneficial by increasing the attenuation of the wave leaving the band-edge resonator, but there are four factors that should also be taken into account: (1) an increase in the radius of the air holes makes the eventual fabrication of the PhC more difficult; (2) the larger the hole diameter, the wider the Research Article bandgap region, meaning that the lattice constant would need to be increased further to keep the negative electric permittivity region in the conduction band; (3) the equi-frequency contour would become more and more asymmetric, meaning that the structure would be highly anisotropic; and (4) more light will be reflected back into the band-edge resonator leading to additional longitudinal peaks, and, in the case of a band-edge laser, could lead to instabilities in its operation. An increase in the radius of the air holes will increase the bandgap region of the negative permittivity PhC region and will push the mode closer to the bandgap region. In fact, if the resonator operates in the bandgap region of the negative permittivity material, light will be prevented from propagating through the "negative permittivity" PhC. Table 1 . The attenuation coefficients are nonlinearly dependent on the filling factor. First, as previously mentioned, for a larger value of FF, the mode in the conduction band further approximates the bandgap region and is heavily scattered. Second, more scattering takes place in the negative electric permittivity region leading to higher vertical loss rates.
On the other hand, there are few additional peaks in the valence band of the square lattice band-edge resonator. For example, in Fig. 5 , we can observe a peak at λ 1058 nm well into the valence band. 3D FDTD simulations showed that, when light leaves the resonator, it experiences a similar attenuation after propagating through the negative permittivity material with an FF 15%: after propagating through a distance of 5 μm, the power is reduced to 72% at λ 980 nm and to 68% at λ 1058 nm. In spite of the group velocity being quite dissimilar at 980 nm (low) and 1058 nm (high), the mode of the resonator is still the same in the valence band, but there is no significant change in the operation point in the PhC with negative electric permittivity; therefore, the attenuation rate is quite similar.
CONCLUSIONS
In this paper, a PhC band-edge resonator is studied when it is embedded by regions of negative electric permittivities. It is shown that evanescent waves are generated in the negative refraction media, and the attenuation factor depends heavily on the filling factor of the region of negative electric permittivity. The wave that leaves the band-edge resonator with positive slope velocity cannot suddenly move to a negative slope velocity; this leads to radiative scattering of light into the vertical directions. It is also shown that not only does the power decay exponentially with distance, but also there are fluctuations with respect to an exponential envelope which may be explained by the multiple scattering in the negative electric permittivity regions. The loss rate depends heavily on the filling factor of the negative electric permittivity regions. It moves from a weakly attenuated wave when the filling factor is low to a strongly attenuated wave when the filling factor is high (and the wave slowly transitions to a bandgap region in the negative refractive index crystal).
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